Abstract: Negative-index metamaterials (NIMs) at near infrared wavelengths (~2 μ m) are fabricated with circular, elliptical and rectangular holes penetrating through metal/dielectric/metal films. All three NIM structures exhibit similar figures of merit; however, the transmission is higher for the NIM with rectangular holes as a result of an improved impedance match with the substrate-superstrate (air-glass) combination. 
Introduction
The initial demonstrations of negative index metamaterials (NIMs) [1, 2] along with theoretical predictions of potential applications such as imaging beyond the diffraction limit [3, 4] have led to intense interest in extending these results to shorter near-infrared and visible wavelengths. Over the past few years, there have been theoretical efforts towards the realization of short wavelength magnetic metamaterials [5] and NIMs [6, 7] , and experimental demonstration of magnetic metamaterials at far-, mid-, near-infrared and visible wavelengths [8] [9] [10] [11] [12] and near-infrared NIMs [13, 14] .
Recently, Zhang et al. proposed [13] and demonstrated [15] a NIM structure composed of two parts: the negative electric permittivity (ε) results from an array of thin metal wires parallel to the direction of electric field and the negative magnetic permeability (μ) from a pair of finite-width metal stripes separated by a dielectric layer along the direction of the incident magnetic field. The resulting structure is a 2D array of holes penetrating completely through a metal-dielectric-metal film stack. In the initial experiments, circular holes were used, which led to relatively wide metal stripes contributing to the permittivity, to a large negative ε, and a significant impedance mismatch between the metamaterial and the incident and transmitted media. The structure was metal-like and most of the incident energy was reflected, with only ~5% transmission in the negative-index spectral region. The experimental figure of merit [FOM ≡ -Re(n)/Im(n)] was only about 0.5 for this structure. This result was improved using elliptical apertures with narrower metal stripes parallel to the electric field, with about 20% transmission and a FOM of ~ 0.9 [16] . Dolling et al. [17] introduced a variant with rectangular apertures (the fishnet structure) and achieved both a higher transmission (~ 65%) and an improved FOM (~ 3) and argued that the improvement was due to the improved material properties (Ag vs. Au) and to the square structure which provided a constant width across the aperture in contrast to the varying chord of the elliptical structure. However, their experiment used a different material system (Ag-MgF 2 -Ag in place of Au-Al 2 O 3 -Au) and was resonant at a different wavelength (1.5 μm instead of 2 μm) making a detailed understanding of the structural impact on the metamaterial properties difficult. In this work we fabricate, in the AuAl 2 O 3 -Au material system, a series of three structures with 2D arrays of circular, elliptical and rectangular apertures resonant at similar wavelengths to allow a direct comparison of the metamaterial properties. We find that the impact of the geometry of the individual apertures is most dramatic on the impedance and that there is only a weak dependence of the FOM on the aperture geometry.
Design and fabrication
The sample structure consists of a glass substrate with a pair of metallic films (30-nm thick layers of Au) separated by a dielectric film (60-nm thick layer of Al 2 O 3 ), with a 2-dimensional (2D) square periodic array of circular, elliptical and rectangular holes penetrating through the multilayer structure. Schematic representations of these structures are shown in Fig. 1 The procedure for fabricating the circular and elliptical holes through the multilayer is as follows. A thick layer of a bottom-antireflection-coating polymer (BARC) was spun onto a BK7 glass substrate, followed by a layer of negative I-line photoresist (NR7-500P). Interferometric lithography (IL), using two coherent UV laser beams (3 rd harmonic of a YAG laser at λ =355 nm) was used to define a 2D array of circular or elliptical holes in the PR layer. The pitch of 823 nm, controlled by the angle between two UV beams, was fixed for all results reported here. IL was used to fabricate large-area (2.5×2.5 cm 2 ), uniform samples, making sample characterization convenient [18] . In order to define a 2D array of circular (elliptical) holes in PR layer, we performed two successive 1D exposures in orthogonal directions with the same (different) doses. After exposure and development, a 2D array of circular (elliptical) holes was formed with a diameter of 400 nm (534 nm, 340 nm in major and minor axis, respectively) in the PR layer. Next an e-beam metal evaporation was used to deposit a thin film of Ti atop the PR layer, followed by a lift-off process using acetone to remove the PR. This resulted in an array of circular (elliptical) Ti disks atop the ARC layer. The Ti disks were used as a selective mask while etching through the ARC layer using O 2 reactive ion etching, followed by three consecutive e-beam evaporations to deposit Au (30 nm), Al 2 O 3 (60 nm) and Au (30 nm). Finally, an O 2 plasma ash was used to remove the ARC posts and form the final structures as shown in Fig. 2 . A somewhat different process was used to fabricate the rectangular holes through the multilayer. First, we used a single exposure to make a 1D pattern in the PR on BARC layer, followed by development, etching through the BARC layer using the 1D PR pattern as the selective etching mask, and selective removal of the PR with acetone. A second PR layer was spun onto the 1D BARC pattern, exposed at right angles to the original 1D pattern, etched through the 1D BARC pattern using the PR pattern as an etching mask and then removed, leaving a 2D array of rectangular BARC posts as shown in Fig. 3 . As described above, the three layers, Au/Al 2 O 3 /Au, were deposited by e-beam evaporation. As the final step of fabricating the rectangular holes through the gold and aluminum-oxide films, a fully isotropic, high pressure O 2 plasma ash was carried out to remove the BARC posts leading to the final structure (528 nm, 339 nm on long and short sides, respectively) as shown in Fig. 4 , which also shows the advantage of large area of patterning using IL techniques [18] . 
Measurement and simulation
The transmission of these samples across the near-infrared wavelength region (~2 μ m) was measured at normal incidence using Fourier-transform infrared spectroscopy (FTIR). The measured transmission spectra were normalized to the spectrum of a bare BK7 glass standard. In the case of the symmetric NIM with circular holes, an unpolarized FTIR beam was used to measure the transmission. For the asymmetric structures (NIMs with elliptical and rectangular holes), the incident electric field was either parallel to the narrower stripe width between apertures (E par ), or parallel to the wider stripe width between apertures and perpendicular to the narrow direction (E per ). The transmission spectra of samples with circular, elliptical and rectangular holes for both E per and E par are shown in Figs. 5(a)-5(c) .
A rigorous coupled wave analysis (RCWA) simulation, a commonly used algorithm to compute the spectra of transmission and reflectance of periodic structures [19, 20] , was used to calculate the transmission spectra to understand properties of these different structures such as effective refractive index, the figure of merit (FOM), impedance, effective permittivity (permeability) and so on. The present version of the simulation software is restricted to rectangular holes. Therefore, for the circular case, the aperture was modeled as a square with the same open area as the circle. For the elliptical case, a rectangular geometry was calculated with open area and the ratio of side length the same as the area and the major/minor axis ratio of the ellipse. Metal/dielectric/metal thicknesses of 30/60/30 nm were used in the simulation.
This code was used to analyze the initial circular aperture NIM and a detailed comparison of experiment and simulation for amplitude and phase of transmission and reflection was presented [13] . Zhang and Dolling have both measured the amplitude and phase of reflection and transmission and demonstrated that this modeling procedure gives a good fit to the experimentally measured index and impedance (or permittivity and permeability); those measurements are not repeated here [13, 17] .
A simple Drüde model for the metal permittivity was used, which is a good approximation to experiment values in the near-IR. The permittivity is given as Hz [21] . γ is a fitting parameter to account for additional scattering in the thin, multi-domain films as well as for any sample inhomogeneity across the ~1 cm 2 measurement area [13] . [Spectra measured on small areas across the sample show very good uniformity with only small variations in spectra, much less than the observed structural variations]. Insets of Fig. 5 show that the structure (dips and peaks) in the region of negative refractive index becomes less distinct as γ is increased. Two times the scattering frequency (γ = 2) of bulk gold was found to give the best fit between experiment and simulation over the range of wavelengths of interest for all three structures as shown in the insets to Fig. 5 . This allows us to extract the effective refractive index, impedance, permittivity and permeability over the range of negative refraction from simulation. The effective refractive index and impedance were extracted from the complex coefficients of transmission and reflection obtained by a RCWA simulation as shown in Figs. 6(a) Fig. 6(a) . For simulation with γ = 2, the minimum real parts of effective refractive index (-Re[n eff ]) are larger than the imaginary parts of the index (Im[n eff ]) as shown in Fig. 6(b) , e. g. FOM >1 which is improved compared with previous reports [13, 16] . The FOM is plotted in Figs. 6(c) , 6(d) . For thin metal lines along the electric field, E par polarization, electric field along the narrow stripes, the FOMs using γ = 2 are 1.22, 1.43 and 1.48 for NIM with circular, elliptical and rectangular holes, respectively. In Fig. 6(d) , the circular structure has a somewhat smaller FOM, however the results for the elliptical and fishnet structures are quite similar. These FOMs for circular and elliptical structures are higher than the results in Refs. [13, 16] , suggesting that the present samples have an improved homogeneity. For reference, peaks of FOMs using γ = 1 are approximately 1.88, 2.26 and 2.11 in Fig. 6(c) . As a result of uncertainty in the modeling (particularly the use of a rectangular structure to model all three experimental samples), these results should be interpreted only qualitatively to suggest that there is not a strong structural dependence of the FOM.
Over the wavelength range of negative refraction, the effective impedance (ξ eff ) for each structure is shown in Fig. 7 , the real part of the impedance for the fishnet structure is closer to 
